proliferation was significantly increased by fAd in human microvascular endothelial cells and appears to be mediated by AdipoR2. No significant effects on MMP-2, MMP-9 and VEGF were observed. Importantly, gAd decreased glucose and Creactive protein-induced angiogenesis with a concomitant reduction in MMP-2, MMP-9 and VEGF in HMEC-1 cells. Conclusion: We report novel insights into the mechanisms of adiponectin on angiogenesis.
pear to play an important role in the pathogenesis of insulin resistance, type 2 diabetes mellitus and vascular disease [2] .
Adiponectin is an adipokine that circulates at high levels, with lower levels noted in obesity, type 2 diabetes mellitus and vascular disease [3] . Adiponectin exerts metabolic and vascular protection through its insulin sensitizing, anti-inflammatory and anti-atherogenic effects [3] . In relation to this, circulating adiponectin levels have recently been shown to be predictive of myocardial infarction in patients with chest pain [4] . Adiponectin is present in human plasma as different multimers, i.e. high molecular weight (HMW), mid-molecular weight (MMW) and low molecular weight (LMW) adiponectin, and low circulating HMW adiponectin levels have been associated with obesity, diabetes and vascular disease [5] [6] [7] . Additionally, in non-diabetic men, multimeric forms of adiponectin rather than total adiponectin seem to be associated with myocardial infarction [8] .
Adiponectin exists in human plasma mainly as fulllength adiponectin (fAd). A smaller, globular fragment, i.e. globular adiponectin (gAd), is also present in human plasma [9] . It has been suggested that gAd is formed from proteolytic cleavage by leukocyte elastase secreted by activated neutrophils or monocytes [9] . Controversy has arisen with regards to adiponectin and vascular inflammation [10] [11] [12] . Hattori et al. [11, 12] reported that gAd activates nuclear factor-B, suggesting a pro-inflammatory effect. This notion has been challenged by other leading adiponectin research groups [10] . The relationship between inflammation, insulin resistance and vascular disease is well established [13] .
Adipokines play important roles in the induction of dysregulated angiogenesis and atherogenesis [14, 15] . As part of an inflammatory/angiogenic response, the extracellular matrix is remodelled by proteolytic enzymes termed as matrix metalloproteinases (MMPs), of which the gelatinases (MMP-2 and MMP-9) play a vital role [16] . Increased MMP activity has been linked to atherosclerosis and vascular disease [17] . MMPs are upregulated by a plethora of hormones, cytokines and growth factors, including a potent vascular mitogen, vascular endothelial growth factor (VEGF) [18] .
With the aforementioned in mind, we undertook this study to investigate the effect of gAd and fAd on endothelial cell proliferation as well as in vitro migration and angiogenesis with respect to endothelial angiogenic factors, specifically, MMP-2, MMP-9 and VEGF. Furthermore, we sought to elucidate the involvement of the adiponectin receptors, i.e. adiponectin receptor 1 (AdipoR1) and adiponectin receptor 2 (AdipoR2). More importantly, given the connection between the coexistence of hyperglycaemia and systemic inflammation with vascular disease in pathological states such as diabetes mellitus, we also studied the interaction between glucose and C-reactive protein (CRP), respectively, with gAd and fAd [19, 20] . Finally, since AMP-activated protein kinase (AMPK), a stress-activated protein kinase, and Akt have been implicated as critical mediators of adiponectin-induced angiogenesis in both normoxic and ischemic tissues, we examined the role of these signalling pathways in gAd-induced endothelial angiogenesis [21] .
Materials and Methods

Chemicals and Reagents
Human recombinant peptides fAd, gAd and antibodies AdipoR1 and AdipoR2 were obtained from Phoenix Pharmaceuticals (Burlingame, Calif., USA). PI3K/Akt inhibitor LY 294002, AMPK inhibitor compound C and human recombinant VEGF came from Calbiochem (Lutterworth, UK). MMP-2, MMP-9 and VEGF antibodies came from Abcam (Cambridge, UK).
Cell Culture
Human microvascular endothelial cells (HMEC-1) were obtained from the Centre for Disease Control (Atlanta, Ga., USA). HMEC-1 cells were cultured in MCDB medium (Sigma-Aldrich, Gillingham, UK) supplemented with 10% Fetal Calf Serum (FCS; Sigma-Aldrich), 100 IU/ml penicillin (Sigma-Aldrich), 100 g/ml streptomycin (Sigma-Aldrich), 5 ml of 200 m M L -glutamine/500 ml of media, hydrocortisone 2 M , epidermal growth factor 2 ng/ ml (Invitrogen, Paisley, UK) at 37 ° C in 5% CO 2 /95% air. Prior to each experiment, cells were fed with MCDB with addition of 1% FCS overnight.
HMEC-1 cells were pre-incubated with or without AdipoR1 (10 g/ml) or AdipoR2 (10 g/ml) antibodies, respectively, for 1 h followed by treatment with or without fAd (0-3 g/ml) or gAd (0-3 g/ml) for 4-48 h (quantitative RT-PCR -mRNA expression) or for 24 h (western blotting -protein production). VEGF (10 ng/ml) served as positive control.
Cell Proliferation Assay
Cell proliferation was assessed using CellTiter 96 Aqueous One Solution Cell Proliferation Assay (MTS) kit (Promega, Southampton, UK) according to the manufacturer's protocol. HMEC-1 cells were pre-incubated with or without AdipoR1 (10 g/ml) or AdipoR2 (10 g/ml) antibodies or compound C (20 M ) or LY294002 (10 M ) or glucose (15 m M ) or CRP (1 g/ml) for 1 h, followed by treatment with or without fAd (0-3 g/ml) or gAd (0-3 g/ml) for 4-48 h. VEGF (10 ng/ml) served as positive control. Prior to each experiment, cells were fed with MCDB with addition of 1% FCS overnight. Following treatments, MTS reagent (20 l) was added to 100 l of culture media in each well. The absorbance was recorded by an ELISA reader (EL800; Bio-Tek Instruments Inc., Winooski, Vt., USA) at 490 nm.
In vitro Angiogenesis Assay
Angiogenesis was assessed by studying the formation of capillary tube-like structures by culturing HMEC-1 cells on growth factor-reduced Matrigel (BD Biosciences, San Jose, Calif., USA). Matrigel was coated onto 96-well culture plates as per the manufacturer's instructions. HMEC-1 cells (at a seeding density of 10 5 cells/well) were pre-incubated with or without AdipoR1 (10 g/ ml) or AdipoR2 (10 g/ml) antibodies or compound C (20 M ) or LY294002 (10 M ) or glucose (15 m M ) or CRP (1 g/ml) for 1 h, followed by treatment with or without fAd (0-3 g/ml) or gAd (0-3 g/ml) for 4-48 h. VEGF (10 ng/ml) served as positive control. Trypsinized HMEC-1 cells were then seeded onto the Matrigel-coated plates at a density of 4-5 ! 10 3 /well in fresh media and incubated at 37 ° C. Capillary tube formation images were captured with a digital microscope camera system (Olympus, Tokyo, Japan). Image Pro Plus software was used to quantify tube length formation; the lengths of tubes in 3-4 randomly selected fields in each of the wells were measured.
In vitro Migration Assay
Endothelial cell migration assay was performed in a modified Boyden chamber using a protocol obtained from BD BioCoat Angiogenesis System (BD Biosciences). Endothelial cells were trypsinised; a cell suspension of 4 ! 10 5 cells/ml was prepared, 250 l of which was added to each trans-well insert. 750 l of starvation media was added to the lower chamber and incubated overnight. Following this, the cells were labelled by incubating with Hank's Balanced Salt Solution medium (Sigma-Aldrich) containing 4 g/ ml Calcein-AM (BD Biosciences) for 90 min. HMEC-1 cells were pre-incubated with or without AdipoR1 (10 g/ml) or AdipoR2 (10 g/ml) antibodies or compound C (20 M ) or LY294002 (10 M ) or glucose (15 m M ) or CRP (1 g/ml) for 1 h, followed by treatment with or without fAd (0-3 g/ml) or gAd (0-3 g/ml) for 4-48 h. VEGF (10 ng/ml) served as positive control. Cells were fixed with 2% formaldehyde. The fluorescence of migrated cells was read in a fluorescence plate reader with bottom reading capabilities at excitation/emission wavelengths of 494/517 nm. Only those labelled cells that had migrated through the pores of the membrane would be detected.
Total RNA Extraction and cDNA Synthesis
Total RNA was extracted from HMEC-1 cells using Qiagen RNeasy Mini Kit according to the manufacturer's guidelines (Qiagen, Crawley, UK). The purity of the extracted RNA was measured by a NanoDrop spectrophotometer. A set concentration of RNA was reverse transcribed into cDNA by using M-MuLV Reverse Transcriptase (Fermentas, York, UK) and random hexamers (Promega, Southampton, UK) as primers.
Reverse Transcriptase Polymerase Chain Reaction
Quantitative PCR of MMP-2, MMP-9 and VEGF were performed on a Roche Light Cycler TM system (Roche Molecular Biochemicals, Mannheim, Germany). PCR reactions were carried out in a reaction mixture consisting of 5.0 l reaction buffer and 2.0 m M MgCl 2 (Biogene, Kimbolton, UK), 1.0 l of each primer (10 n M ), 2.5 l of cDNA and 0.5 l of Light Cycler DNA Master SYBR Green I (Roche Molecular Biochemicals). Protocol conditions consisted of denaturation of 95 ° C for 15 s, followed by 40 cycles of 94 ° C for 1 s, 60 ° C for 5 s and 72 ° C for 12 s, followed by melting curve analysis. For analysis, quantitative amounts of genes of interest were standardised against the housekeeping gene GAPDH. The RNA levels were expressed as a ratio, using the 'delta-delta method' for comparing relative expression results between treatments in real-time PCR [22] . The sequences of the sense and anti-sense primers used were: MMP-2 (179 bp) 5 -TGG -CAAGTACGGCTTCTGTC-3 and 5 -TTCTTGTCGCGGTCGT -AGTC-3 ; MMP-9 (200 bp) 5 -TGCGCTACCACCTCGAACTT-3 and 5 -GATGCCATTGACGTCGTCCT-3 ; VEGF (196 bp) 5 -CGGCGAAGAGAAGAGACACA-3 and 5 -GGAGGAAGGTC-AACCACTCA-3 ; GAPDH (185 bp) 5 -GAGTCAACGGATTT-GGTC GT-3 and 5 -GACAAGCTTCCCGTTCTCAG-3 [23] . 10 l of the reaction mixture(s) were subsequently electrophoresed on a 1% agarose gel and visualised by ethidium bromide, using a 1 kb DNA ladder (Invitrogen) in order to estimate the band sizes. As a negative control for all the reactions, preparations lacking RNA or reverse transcriptase were used in place of the cDNA. RNAs were assayed from three independent biological replicates.
Sequence Analysis
The PCR products from all samples were purified from the 1% agarose gel using the QIAquick Gel Extraction Kit (Qiagen). PCR products were then sequenced in an automated DNA sequences, and the sequence data were analysed using Blast nucleic acid database searches from the National Centre for Biotechnology Information, confirming the identity of our products.
Gelatin Zymography
The conditioned media of the in vitro angiogenesis assay was collected and centrifuged to remove cell debris. The gelatinolytic activities of secreted MMP-2 and MMP-9 in conditioned media were measured by gelatin zymography. 10 l of conditioned media was mixed with 10 l zymography sample buffer and subjected to SDS-polyacrylamide gel electrophoresis (10% resolving gel) containing 1 mg/ml of gelatin (Sigma-Aldrich) under nonreducing conditions. Gels were washed twice for 30 min with renaturation buffer (2.5% Triton X-100) at room temperature and then incubated overnight in incubation buffer (50 m M Tris-HCl pH 7.5, 200 m M NaCl, 10 m M CaCl 2 , 1 M ZnCl 2 ) at 37 ° C. Characterization of MMP activity was determined by inhibition with EDTA (10 m M ), 1.10 phenantroline and p -aminophenylmercuric acetate (data not shown). Following incubation, gels were stained for 1 h (0.25% Coomassie Brilliant Blue R-250 in 45% methanol and 10% acetic acid) and destained in the same buffer without Coomassie. White bands against a blue background were observed following destaining demonstrating the gelatinolytic activities of MMP-2 and MMP-9, respectively. The band intensities were measured using Gel-Pro image analysis (Gel-Pro 4.5; Media Cybernetics, Bethesda, Md., USA). Additionally, standard curves were generated for both MMP-2 and MMP-9 to enable the quantification [24] . All data presented are within the linear range of the standard curve.
Endotoxin Measurements
Endotoxin contamination of the reagents (fAd, gAd, AdipoR1 and AdipoR2) used was assessed by using a kinetic chromogenic test based on the limulus amebocyte lysate assay, as per the manufacturers protocol (Kinetic-QCL; BioWhittaker, Walkersville, Md., USA; online suppl. material; for all online suppl. material, see www.karger.com/doi/10.1159/000338279).
Statistics
Data were analysed by Mann-Whitney U test or Friedman ANOVA (post hoc analysis: Dunn's test) according to the number of groups compared. All statistical analyses were performed using SPSS version 18.0 (SPSS Inc., Chicago, Ill., USA). p ! 0.05 was considered significant.
Results
Effects of fAd and gAd on Human Endothelial Cell Proliferation
Concentration and time-dependent experiments revealed that the optimum concentration and time point for fAd and gAd on HMEC-1 cell proliferation were 3 g/ ml and 24 h, respectively (online suppl. fig. 1 ). fAd (3 g/ ml) and gAd (3 g/ml) significantly increased HMEC-1 cell proliferation at 24 h ( fig. 1 a) , the effects of gAd were inhibited when HMEC-1 cells were pre-incubated with AdipoR1 (10 g/ml) antibody ( fig. 1 a) and the effects fAd were inhibited when HMEC-1 cells were pre-incubated with AdipoR2 (10 g/ml) antibody ( fig. 1 a) . Furthermore, the effects of gAd were inhibited when HMEC-1 1 . a HMECs were pre-incubated with or without AdipoR1 (10 g/ml) or AdipoR2 (10 g/ml) antibodies or compound C (20 M ) or LY294002 (10 M ) for 1 h followed by treatment with or without gAd (3 g/ml) or fAd (3 g/ml) or VEGF (10 ng/ml; positive control) for 24 h and assessed by MTS proliferation assay. Results were expressed as the percentage of cells in relation to basal (untreated) and represent the mean of triplicates. *** p ! 0.001, ** p ! 0.01 vs. basal; # p ! 0.05 vs. gAd only treated; + p ! 0.05 vs. gAd only treated; NS = non-significant vs. either gAd or fAd; n = 6/group. b HMECs were pre-incubated with or without AdipoR1 (10 g/ml) or AdipoR2 (10 g/ml) antibodies or compound C (20 M ) or LY294002 (10 M ) for 1 h followed by treatment with or without gAd (3 g/ml) or fAd (3 g/ml) or VEGF (10 ng/ml; positive control) for 24 h. Migrated cells were quantified using a fluorescent plate reader. The migrated cells were expressed as the ratio of the fluorescence compared with the control. Results are means 8 SE of six independent experiments. *** p ! 0.001; # p ! 0.05 vs. gAd only treated; NS = non-significant vs. either gAd or fAd; n = 6/group. c Capillary tube formation assay. HMECs were pre-incubated with or without AdipoR1 (10 g/ml) or AdipoR2 (10 g/ml) antibodies or compound C (20 M ) or LY294002 (10 M ) for 1 h followed by treatment with or without gAd (3 g/ml) or fAd (3 g/ml) or VEGF (10 ng/ml; positive control) for 24 h. The total length of capillary-like tubes was measured and normalised with controls. The values represented are relative to basal. *** p ! 0.001; # p ! 0.01; NS = nonsignificant; n = 6/group. Experiments were performed in triplicates. cells were pre-incubated with an AMPK inhibitor (compound C, 20 M ) and PI3k/Akt inhibitor (LY294002, 10 M ), respectively ( fig. 1 a) .
Effects of fAd and gAd on in vitro Migration and Angiogenesis
Concentration and time-dependent experiments revealed that the optimum concentration and time point for gAd on in vitro migration and angiogenesis was 3 g/ ml and 24 h, respectively. There were no significant differences with respect to fAd (online suppl. fig. 1b, c) . gAd (3 g/ml) significantly increased in vitro migration and angiogenesis at 24 h ( fig. 1 b, c) ; these effects of gAd were inhibited when HMEC-1 cells were pre-incubated with AdipoR1 antibody ( fig. 1 b, c) . Additionally, the migratory and angiogenic effects of gAD were inhibited when HMEC-1 cells were pre-incubated with an AMPK inhibitor (compound C, 20 M ) and PI3k/Akt inhibitor (LY294002, 10 M ), respectively ( fig. 1 b, c) .
Effects of fAd and gAd on MMP-2, MMP-9 and VEGF mRNA Expression Levels in Human Endothelial Cells
Concentration and time-dependent experiments revealed that the optimum concentration and time point for gAd on MMP-2, MMP-9 and VEGF mRNA expression in HMEC-1 cells was 3 g/ml and 24 h, respectively. There were no significant differences with respect to fAd (data not shown). gAd (3 g/ml) significantly increased MMP-2 mRNA expression in HMEC-1 cells at 24 h ( fig. 2 a) ; these effects of gAd were inhibited when HMEC-1 cells were pre-incubated with AdipoR1 (10 g/ml) antibody ( fig. 2 a) . gAd (3 g/ml) significantly increased MMP-9 mRNA expression levels in HMEC-1 cells at 24 h ( fig. 2 b) and the effects of gAd on MMP-9 mRNA HMECs were pre-incubated with or without AdipoR1 (10 g/ml) or AdipoR2 (10 g/ml) antibodies for 1 h followed by treatment with or without gAd (3 g/ml) or fAd (3 g/ml) or VEGF (10 ng/ml) for 4 h. mRNA levels of MMP-2 ( a ), MMP-9 ( b ) and VEGF ( c ) were analysed by real-time PCR relative to GAPDH. The values represented are relative to basal. *** p ! 0.001; # p ! 0.001; NS = non-significant; n = 6/group. Experiments were performed in triplicates.
expression were inhibited when HMEC-1 cells were preincubated with AdipoR1 (10 g/ml) antibody ( fig. 2 b) . gAd (3 g/ml) significantly increased VEGF mRNA expression in HMEC-1 cells at 24 h ( fig. 2 c) and these effects of gAd were inhibited when HMEC-1 cells were pre-incubated with AdipoR1 (10 g/ml) antibody ( fig. 2 c) .
Effects of fAd and gAd on MMP-2 and MMP-9 Activation in Human Endothelial Cells
Concentration and time-dependent experiments revealed that the optimum concentration and time point for gAd on MMP-2 and MMP-9 activation in HMEC-1 cells was 3 g/ml and 24 h, respectively. There were no significant differences with respect to fAd (data not shown). gAd (3 g/ml) significantly increased MMP-2 and MMP-9 activation in HMEC-1 cells at 24 h ( fig. 3 a,  b) ; these effects of gAd were inhibited when HMEC-1 cells were pre-incubated with either AdipoR1 (10 g/ml) or AdipoR2 (10 g/ml) antibody ( fig. 3 a, b) .
Effects of Pre-Incubating fAd and gAd on Glucose and CRP-Induced Angiogenesis in Human Endothelial Cells
As mentioned previously, given the well-established link between the coexistence of hyperglycaemia and systemic inflammation with vascular disease in pathological states such as diabetes mellitus, we investigated the interaction between gAd/fAd with glucose and CRP-induced angiogenesis. Glucose (15 m M ) and CRP (1 g/ml) significantly increased HMEC-1 cell proliferation at 24 h ( fig. 4 a) ; the effects of glucose and CRP were inhibited when HMEC-1 cells were pre-incubated with either gAd (3 g/ml) or fAd (3 g/ml), respectively ( fig. 4 a) . Glucose (15 m M ) and CRP (1 g/ml) significantly increased in vitro migration and angiogenesis at 24 h ( fig. 4 b, c) and the effects of glucose and CRP were inhibited when HMEC-1 cells were pre-incubated with either gAd (3 g/ml) or fAd (3 g/ml), respectively ( fig. 4 a) . Glucose (15 m M ) and CRP (1 g/ml) significantly increased MMP-2 and MMP-9 mRNA expression and protein production, respectively, in HMEC-1 cells at 24 h (data not shown). The effects of glucose and CRP were inhibited when HMEC-1 cells were pre-incubated with gAd (3 g/ml; data not shown). Glucose (15 m M ) and CRP (1 g/ml) significantly increased MMP-2 and MMP-9 activation in HMEC-1 cells at 24 h ( fig. 5 a, b) , and the effects of glucose and CRP were inhibited when HMEC-1 cells were pre-incubated with either gAd (3 g/ml) or fAd (3 g/ml), respectively ( fig. 5 a, b) .
Discussion
Dysfunctional angiogenesis is implicated in pathological states such as diabetes mellitus and vascular disease. MMPs and VEGF play important roles in this respect [18] . In spite of significant advances in therapeutic angiogenesis, the treatment of vascular diseases remains a challenge to medicine [25] . Opposing treatment strategies are needed to treat vascular diseases with differing pathophysiology [25] . Although inhibition of endogenous growth factors appears advantageous in certain ophthalmic conditions, such as atherosclerotic plaques, etc. the reverse is required in inducing angiogenesis for improving macrovascular insufficiency, for example in peripheral limb ischaemia [25] . Thus, the study of MMPs, VEGF and novel regulators of angiogenesis in this respect would be of paramount importance. Ouchi et al. [21] had reported that mouse fAd stimulates in vitro migration and angiogenesis, and suggested that this effect may be beneficial in line with the report by Shibata et al. [26] who demonstrated that adiponectin promotes ischaemia-mediated revascularization in adiponectin-knockout mice. Conversely, Brakenhielm et al. [27] have reported that adiponectin had potent anti-angiogenic effects. We would like to compare and contrast as well as discuss our findings in relation to these references. With respect to Ouchi et al. [21] , they described the pro-angiogenic effects of fAd in human macrovascular endothelial cells, utilising supra-physiological concentrations of 30 g/ml with an optimal time point of 24 h for their experiments. On the other hand, Shibata et al. [26] performed experiments by injecting mice with fAd, demonstrating in vivo angiogenic effects under hypoxic/ischaemic conditions. Finally, Bråkenhielm et al. [27] described the anti-angiogenic as well as anti-proliferative and pro-apoptotic effects of fAd (2 g/ml) in the presence of FGF2 (a potent angiogenic factor) in porcine microvascular endothelial cells, interestingly at the optimal time point of 72 h. We, in contrast, performed experiments in HMECs utilising fAd at a maximal concentration of 3 g/ml and an optimal time point of 24 h. We found that HMECs were pre-incubated with or without gAd (3 g/ml) or fAd (3 g/ml) for 1 h followed by treatment with or without glucose (15 m M ) or CRP (1 g/ml) for 24 h and assessed by MTS assay.
Results were expressed as percentage of cells in relation to basal (untreated) and represent the mean of triplicates. *** p ! 0.001; ** p ! 0.01; # p ! 0.001; + p ! 0.001; n = 6/group. b Endothelial cell migration. HMECs were pre-incubated with or without gAd (3 g/ml) or fAd (3 g/ml) for 1 h followed by treatment with or without glucose (15 m M ) or CRP (1 g/ml) for 24 h. Migrated cells were quantified using a fluorescence plate reader. The migrated cells were expressed as the ratio of the fluorescence compared with the control. Results are means 8 SE of six independent experiments. *** p ! 0.001; # p ! 0.001; + p ! 0.001; n = 6/group. c Capillary tube formation. HMECs were pre-incubated with or without gAd (3 g/ml) or fAd (3 g/ml) for 1 h followed by treatment with or without glucose (15 m M ) or CRP (1 g/ml) for 24 h. Photos were taken at 24 h after seeding. The total length of capillary-like tubes was measured and normalised with controls. The values represented are relative to basal. *** p ! 0.001; # p ! 0.001; + p ! 0.001; n = 6/group, experiments were performed in triplicates.
fAd was pro-proliferative with no effects on migration and capillary tube formation. Our findings are different to those described above, potentially attributable to the differences in experimental material and methods. In addition, we present novel data showing that endothelial cell proliferation, in vitro migration and angiogenesis were significantly increased by gAd in HMECs.
It is important to note that although in vitro angiogenic assays have been merited as useful reporters in deciphering specific steps, they however lack complex interplay of multiple factors vital for in vivo processes [21, 27] . Taken together, it remains unclear as to whether our observations reflect on balance a beneficial or detrimental effect of adiponectin in vivo. Further studies are needed to clarify this matter.
Adiponectin-mediated effects including angiogenesis in endothelial cells have been reported to mainly involve the AMPK pathway [21] . Studies have indicated that in both normoxia and hypoxia, activation/phosphorylation of AMPK by adiponectin is vital for the initiation of angiogenic phenotype in endothelial cells [21] . However, we report for the first time that gAd-induced endothelial angiogenesis also involves the AMPK pathway. Similar to this, the PI3K/Akt pathway plays an important role in endothelial angiogenesis [28] . Of note, studies have shown the importance of AMPK-Akt cross-talk in mediating pro-angiogenic effects of adiponectin [25] . Concurring with previous reports, we present novel data suggesting the involvement of the AMPK-Akt pathway in gAd-induced endothelial angiogenesis.
The link between hyperglycaemia, angiogenesis and microangiopathies as observed in diabetes mellitus has been mentioned above [19] . Of relevance, Hayashi et al. [29] showed that high glucose treatment promotes endothelial cell proliferation, in vitro migration and angiogenesis, consistent with our data. Importantly, we observed that gAd attenuated the effects of high glucose suggesting a possible protective effect of adiponectin in vivo. As alluded to above, coexisting hyperglycaemia and systemic inflammation in diabetes mellitus predisposes to dysregulated angiogenesis and vascular disease, and CRP plays an important role within this context [20] . It is important to note that studies have elucidated the anti-inflammatory effects of CRP in local sites of inflammation by enhancing neutrophil infiltration and polymorphonuclear neutrophil activation. Notwithstanding, the role of CRP can be summarised as having both anti-and pro-inflammatory properties [30] .
Our data on the possible beneficial effects of gAd are in keeping with the observations and deductions of Mahadev et al. [31] who showed that gAd decreased VEGFinduced human coronary artery endothelial cell migration. Moreover, our findings of a reduction in CRP and glucose-induced angiogenesis by gAd is in keeping with the report by Hattori et al. [12] which describes marked inhibition of TNF ␣ -induced nuclear factor-B (a critical mediator of angiogenesis) activation by gAd in endothelial cells. In the same study, the authors also showed the apparent paradox in that gAd on its own significantly induced NFkB activation in endothelial cells [12] . Taken together, gAd may therefore cause hyporesponsiveness or desensitization of crucial angiogenic transcription factors that mediate CRP and glucose-induced angiogenesis. This hypothesis was suggested by Hattori et al. [12] in order to explain their apparent paradoxical findings. Activation of MMP-2 and MMP-9 has been implicated in the development of atherosclerosis and vascular disease [17] . To be precise, it is important to bear in mind that the zymography technique only yields information about MMP levels and not activities. Indeed, although pro-MMPs and MMP-TIMP complexes are not active in biological samples, when analysed by zymography, these molecular forms will be visualized by the degradation of the gelatin substrate. For the proMMPs, this is by artificial activation with SDS and for the MMP-TIMP complexes, this is by the dissociation of the noncovalent complex and visualisation of the free MMP [24] . In addition, MMPs have been implicated in cellular migration. In support of our findings, Mahadev et al. [31] reported that gAd decreased VEGF-induced endothelial cell migration.
With respect to atherosclerosis, it is important to note that the pathological processes involved potentially depend upon other key players, in particular, the recruitment and the infiltration of blood inflammatory cells, specifically, macrophages and T lymphocytes. In relation to this, a recent report by Mandal et al. [32] demonstrated that both gAd and fAd reduces the sensitivity of macrophages to activation by pro-inflammatory stimuli, whilst inflammation promotes atherogenesis [20] . It is also important to note that Waki et al. [33] showed that gAd can be generated from fAd by the action of leucocyte elastase secreted by resident macrophages and/or neutrophils. Given these findings, and in conjunction with our observations, we would like to propose a synergistic, potentially protective mechanism of gAd at the initiation site of the atherosclerotic plaque.
A limitation of our study pertains to the observations that the neutralising antibodies, i.e. AdipoR1 and AdipoR2, did not completely neutralise the effects of adiponectin. We did perform experiments with AdipoR1 and AdipoR2 alone but did not find any significant changes (data not shown). Further studies are needed to clarify this point.
In conclusion, we report novel insights into the mechanisms of adiponectin action in combination with proangiogenic molecules (MMPs and VEGF) pertinent to obesity, diabetes and cardiovascular disease. Further in vivo studies are needed to support our novel findings.
